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Abstract

We propose to measure the reaction ~ + p! p+ � with �! K+K� in the pho-
ton energy range of 1:9 < E < 2:2 GeV by tagging the incident photon energy and
detecting the �nal-state proton in coincidence with the decayK+ in the CLAS detector.
The photons will be produced by coherent bremsstrahlung from a 4 GeV (6 GeV) elec-
tron beam incident on a diamond radiator, and will provide an average polarization
of 65% (80%). The proposal to build the Coherent Bremsstrahlung Facility has been
approved. The reaction can be completely speci�ed by 12 complex density matrix el-
ements composed of 17 independent, real functions of which 11 are measureable. The
use of a linearly polarized beam of photons will allow for the extraction of nine of these
functions by measuring the angular distributions of the decay kaons for each value of the
4-momentum transfer squared (t). The maximum value of t is �2:0 (GeV/c)2 and the
experiment will obtain data with good statistics up to about �1:2 (GeV/c)2. The evo-
lution of these density matrix elements as a function of t will quantify the contributions
to the production amplitude due to either di�ractive scattering or pseudo-scalar meson
exchange. Presently existing data from a bubble-chamber experiment are consistent
with di�ractive scattering but have poor statistical accuracy. If either the di�ractive
mechanism or the pseudo-scalar meson exchange dominates the cross section, we ex-
pect that all but two of these nine density matrix elements will be identically equal to
zero. Signi�cant departure of any of the other seven quantities from zero will indicate
new production channels. We ask for 500 hours of beam time (100 hours with 4 GeV
beam and the rest at 6 GeV) that should be contiguous with the time already approved
for experiment E94-109 in the 8 CLAS run period.



1 Introduction

Understanding the processes involved in the photoproduction of vector mesons is an im-
portant part of the CEBAF program, touching physics issues of vector meson dominance
(VMD), the strangeness content of the nucleon, and t-channel meson exchange (including �,
�, and �0) processes [1]. The presently existing data are of poor statistical accuracy and only
the VMD or di�ractive signature is clearly visible. In the CEBAF experiments, the goals
are to go well beyond this single issue and measurements involving polarization will be a key
part of the advance. We will measure the photoproduction of � mesons from the proton by
using a linearly polarized beam of photons together with the complete � ! K+K� decay
distribution.

Although di�ractive scattering is expected to dominate at low 4-momentum transfer
squared (t) and high energies, this mechanism alone will be insu�cient for a complete de-
scription of � meson production near threshold. For c.m. energies near �-photoproduction
threshold, � and � meson exchange are expected to contribute signi�cantly to the cross
section, as well as processes which violate the Okubo-Zweig-Iizuka (OZI) rule. The OZI
rule states that hadronic decays and Yukawa couplings between states with no common
avors, i.e. disconnected quark graphs, are suppressed. A model calculation [2] including
both pomeron-exchange (a J� = 0+ exchange that was introduced to describe the di�ractive
nature of the presently existing data) and pseudo-scalar meson exchange (J� = 0�) for the
energy range of the proposed experiment is shown in Figs. 1 and 2. Whereas di�ractive
scattering is intrinsically a natural parity exchange, pseudo-scalar meson exchange possesses
the quantum numbers of the unnatural parity process. However, the existing total and dif-
ferential cross-section data are too sparse to draw any further conclusions on the nature of
the parity exchange at threshold energies [3].

There is considerable theoretical interest in the strangeness content of the proton and
the nature of OZI violating processes [1]. Deep inelastic scattering [4] and the `sigma term'
from �-nucleon scattering [5] have provided evidence that ss pairs in the nucleon contribute
to observable quantities. Near the � meson production threshold, direct knockout of a pre-
existing ss pair in the proton [6, 7] and �+�-meson exchange are predicted to have cross
sections comparable with the di�ractive process [2, 8]. However, very few data exist for the
photoproduction of � mesons, and the data which have been published are consistent with
di�ractive scattering in the vector meson dominance model.

The results of model calculation [8] which includes pomeron (0+) and meson exchange
(�; �), as well as e�ective ss knock-out and OZI evading processes (�NN) is shown in
Figs. 3 and 4. The two versions of this model di�er in the treatment of the threshold
behavior of the pomeron process. Note that the di�erent versions of the model contain
di�erent t dependencies, and that cross section data alone cannot distinguish between them.
Both di�ractive scattering and one-pion exchange processes are strongly forwardly peaked.
Measuring the nine density matrix elements as a function of four-momentum transfer squared
near the � meson production threshold will provide the opportunity for disentangling the
competing parity exchange mechanisms, and may give an indication of new physics.

The quantities to be measured in this experiment are the spin density matrix elements of
the photoproduced � meson. These observables, three from unpolarized photoproduction ex-
periments and six additional ones with a linearly polarized beam of photons [9], are extracted
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in the rest frame of the � meson by measuring the polar and azimuthal angular distribu-
tions of the decay kaons. Knowledge of the direction of polarization of the beam of linearly
polarized photons will serve as a parity �lter to distinguish between natural and unnatural
parity exchange [10, 11]. Of these nine quantities, all but two will be identically equal to
zero if the photoproduction of the � meson is mediated by either pomeron or pseudo-scalar
exchange. Opposite values are expected for these two processes and a direct measurement
will allow one to readily distinguish between contributions from natural and unnatural parity
exchange. Of the other seven spin density matrix elements, a signi�cant departure from zero
will signal contributions from previously unmeasured production mechanisms.

We therefore are proposing an experiment to measure the reaction ~p! p� using a probe
of linearly polarized photons and measuring the yield products in the CEBAF Large Accep-
tance Spectrometer (CLAS). The CLAS detector, along with a polarized photon beam (using
the recently approved Coherent Bremsstrahlung Facility), provides the unique opportunity
to measure the small �-meson production cross section to high accuracy over a large range
of angles. In this experiment we propose to study the reaction + p! p+� (�! K+K�)
by detecting the proton and the decay K+ in the CLAS, and measuring the angular dis-
tributions of the K+ as a function of t. A tightly collimated beam of tagged photons with
energies in the range of 1:9 < E < 2:2 GeV and average polarization of 65% (80%) will
be produced by coherently scattering a 4 GeV (6 GeV) electron beam directed upon a thin
diamond crystal radiator [12]. This beam will strike the 14 cm long Saclay liquid hydrogen
target. With the measurement of the tagged photon, recoil proton, and the decay K+ meson
with CLAS, the reaction will be kinematically overdetermined; from the reconstruction of
the missing 4-momentum of the decay K�, we will determine the 4-momentum of the �
meson, as well as the angular distributions of the K+ meson as a function of t.

2 Formalism

The primary goal of the experiment is to measure the angular distributions of the decay
kaon resulting from the reaction ~p ! �p in the energy range of 1:90 � E � 2:20 GeV.
Measurement of the decay angular distribution of the K+ provides access to nine density
matrix elements ���;�0 (and j���;�0 j � 1), which are formed of bilinear combinations of the
helicity amplitudes. The subscripts refer to the helicity states of the � meson in the helicity
amplitudes and the superscript indicates the component of the Stokes vector describing the
photon polarization [13]. For linearly polarized photons, ~P = P(cos 2�; sin 2�; 0), where
P is the magnitude of the photon beam polarization and � is the angle between the photon
polarization vector and the production plane. Thus, �01;�1 measures the interference of the
�1 helicity states of the � meson produced by unpolarized photons.

The decay kaon distribution describing the experiment proposed here can therefore be
written as a sum of the unpolarized and linearly polarized components [9].

WL(cos �; �;�) = W 0(cos �; �)� P cos 2� W 1(cos �; �)� P sin 2� W 2(cos �; �) (1)
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where

W 0(cos �; �) =
3

4�
[
1

2
(1� �000) +

1

2
(3�000 � 1) cos2 �

�
p
2Re �010 sin 2� cos �� �01�1 sin

2 � cos 2�] (2)

W 1(cos �; �) =
3

4�
[�111 sin

2 � + �100 cos
2 �

�
p
2�110 sin 2� cos�� �11�1 sin

2 � cos 2�] (3)

W 2(cos �; �) =
3

4�
[
p
2Im�210 sin 2� cos�� Im�21�1 sin

2 � cos 2�] (4)

All angles and density matrix elements are de�ned in the rest frame of the � meson with
the z-axis opposite the outgoing proton momentum (helicity frame). The angles � and � are
the polar and azimuthal angles of the decay kaon (K+) in this system. The angle � is the
angle between the photon polarization vector and the cms production plane (see Fig. 5).

Parity relations constrain the nine density matrix elements and provide insight into the
underlying physics. The amount of natural or unnatural parity that is exchanged in the
t-channel process is a characteristic of the exchange mechanism. The exchange of pseudo-
scalar mesons implies unnatural parity (J� = 0�) while the exchange of pomeron carries
natural parity (J� = 0+). A determination of the density matrix elements will quantify the
amount of natural and unnatural parity exchange [9]. For example,

�1 = �1(N) + �1(U) (5)

�
1(N=U)
1�1 = �11�1 �

1

2
(1� �000) (6)

The plus or minus sign refer to natural or unnatural parity exchange, respectively. The
parity asymmetry to the total cross section can then be expressed as,

P� =
�N � �U
�N + �U

= 2�11�1 � �100 (7)

If the production mechanisms carry only natural parity, then P� = 1 which implies
�11�1 = 0:5 and �100 = 0. P� = �1 indicates unnatural parity exchange and the density
matrix element �11�1 will have opposite sign. An intermediate value can then be decomposed
into its constituent contributions from the sum of these processes.

The beam asymmetry, as measured in previous experiments where the photon polariza-
tion vector is either parallel or perpendicular to the production plane with � = �=2 and
� = 0(k) or � = �=2(?) is de�ned as

� =
�k � �?
�k + �?

=
�111 + �11�1
�011 + �01�1

(8)

If helicity is conserved in the s channel, then there are only two nonzero density matrix
elements { �11�1 = 0:5 and Im �21�1 = �0:5. This leads to the prediction that � = 1:0. Any
signi�cant deviation from unity is a strong indication that mechanisms other than di�raction
are present. Calculations for the asymmetry parameter are shown shown in Figs. 6 and 7. At
low-t the predicted asymmetry (solid line) depends on the amount of pseudoscalar exchange
while at larger t the OZI evading amplitudes (�NN) a�ect the asymmetry.
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2.1 Previous Measurements

There are only three previous measurements using polarized photons. The asymmetry pa-
rameter has been measured by these groups and the results are tabulated in Table 1 [14, 15].
The results of [16] are not included due to the high background contamination in their pub-
lished result [3]. The results of the remaining two groups di�er, but may not be inconsistent
with each other because of the limited statistics and di�ering theoretical expectations for
di�erent regions in

p
s. The Halpern group detected 379 � mesons and the Ballam group

only 114. The angular distributions from ref. [15] are shown in Fig. 8.
There are also indications of contributions from processes other than di�raction in pub-

lished unpolarized data. The di�erential cross section for � photoproduction with photon
energy 2:8 < E < 3:8 GeV is shown in Figure 9. [17]. The structure at t = �0:4 (GeV/c)2
and the change in slope at larger t may not be the result of di�ractive scattering, however,
because the experiment was performed with unpolarized photons, the analysis was unable to
distinguish di�erent production mechanisms and thus concluded consistency with di�raction.

E (GeV) jtj (GeV/c)2 � Reference

2.8 - 4.7 0.02 - 0.8 0.25 � 0.35 Ballam
8.14 0.2 0.985 � 0.12 Halpern
9.3 0.02 - 0.8 0.72 � 0.6 Ballam

Table 1: Previous � meson asymmetry (�) measurements.

For high photon energy and low 4-momentum transfer squared, the di�ractive process
dominates and a value of � consistent with unity as measured by Halpern et al. is not sur-
prising. For photon energies below 3 GeV, meson exchange or other e�ects may account for
a dilution of the asymmetry. The energy dependence of meson exchange could be responsi-
ble for the energy dependence of the asymmetry seen by Ballam. The data are too limited
in statistics, however, to draw any further conclusions on or elucidate the nature of the t
dependence of the asymmetry.

2.2 Approved Hall B � Meson Experiments

Our proposed experiment complements the two approved Hall B � meson production exper-
iments. Table 2 contains a comparison of the kinematics covered. Experiment E93-022 will
study the unpolarized electroproduction of the � meson [21]. The density matrix elements
will be measured as a function of Q2 in the e�ort to separate the pseudo-scalar exchange from
the di�ractive contributions. In the search for hidden color e�ects, experiment E93-031 will
measure the photoproduction of � mesons at higher energies [22] using unpolarized photons.

Our proposed experiment will constrain the density matrix elements at the Q2 = 0 point
in the same energy range as E93-022. Our experiment, furthermore, di�ers from E93-031 in
that we will measure the � meson photoproduction near threshold and at lower t employing
a linear polarized beam of photons as our probe; thus providing a complementary (low-t)
measurement of the pomeron contribution to � meson production. We are already collab-
orating closely with E93-022 and E93-031 on common analysis issues such as acceptance,
background, and detection e�ciency.
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Experiment Beam Type CMS Energy (GeV) t (GeV/c)2

E93-022 electron 2:0 < W < 2:3 �1:8 < t < �0:2
E93-031 incoherent brems. 

p
s > 2:5 �5:0 < t < �1:0

proposal coherent brems.  2:11 <
p
s < 2:24 �1:2 < t < �0:2

Table 2: Parameters of � meson experiments with CLAS.

3 Experimental Considerations

3.1 Photon Beam

We propose to use a linearly polarized beam of photons produced from the recently approved
Coherent Bremsstrahlung Facility [23]. This technique of obtaining linearly polarized pho-
tons has successfully been employed at both SLAC [24] and Mainz [25]. Detailed discussions
of the underlying theory of coherent bremsstrahlung can be found in references [26], [27],
[28], and [29].

The spectrum of a photon beam produced coherently from a crystal radiator has several
distinguishing characteristics compared with that of incoherent bremsstrahlung. The salient
features of coherent bremsstrahlung are:

1. An energy spectrum with discrete peaks due to the varying contributions of
di�erent reciprocal lattice vectors

2. A strong linear polarization within each of the peaks

3. A polar angle distribution which is correlated with the energy of the photon

4. Tunable peak energies by crystal choice and orientation

5. The direction of the polarization can be quickly and smoothly changed by
rotating the crystal radiator

We shall discuss each of these above points in turn.

For an electron of energy E� to radiate a photon of energy k requires that momentum ~q
be transferred to a nucleus in the crystal lattice. The allowable range of momenta transfers
are con�ned to the volume of a pancakelike region in momentum space, where the pancake
conditions are given by

� � q` � 2� (9)

0 � q? � 2x (10)

where x is the fractional photon energy, k=E�, and q` (q?) is the longitudinal (perpendicular)
momentum transfer. The minimum q` transferred can be expressed in terms of the fractional
photon energy and the electron beam energy

� = qmin
` =

1

2E�

x

1� x
: (11)
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We see then that a change in q` will produce a corresponding change in the coherent
bremsstrahlung photon energy, E = xE�. We can locate this value of x by rotating the
crystal with respect to the incident electron momentum. We will use the natural units
(�h = c = me = 1) unless speci�cally marked otherwise. The inuence of the crystal struc-
ture is given by the Laue condition

~q = ~g: (12)

Here ~g is the reciprocal lattice vector. Several reciprocal lattice vectors can contribute
simultaneously if the orientation of the crystal with respect to the direction of the incident
electron beam is not carefully selected. This leads to overlapping peaks which will smear out
the direction of the polarization. For the following discussion we will follow the example of the
Mainz group [25], and select the well isolated reciprocal lattice vector with the Miller indices
of (022), which gives j~g j = 2�

a

p
22 + 22, and where a is the length of the fundamental cell. For

the case of diamond, a = 925 in dimensionless units. The corresponding momentum transfer
to the lattice nucleus is then j~q j = 9:85 keV/c for (022). Selecting a speci�c q` in the range
between � and 2� with respect to the electron momentum produces coherent-bremsstrahlung
photons of the corresponding fractional energy x. Maximum linear polarization is found
in the plane de�ned by the reciprocal lattice vector and the 3-momentum of the incident
electron, i.e. (~g; ~p�).

The angular distribution of the coherent and incoherent bremsstrahlung photons are very
di�erent. Whereas the polar angular distribution of the incoherent bremsstrahlung photons
is independent of the photon energy

dN(�)

d�
=

�

(1 + �2)2
; (13)

the emission angle of the coherent bremsstrahlung photons decreases with increasing photon
energy (x � xd)

�2 =
1� x

x
2E�q` � 1 =

1� x

x
� xd
1� xd

� 1: (14)

Here xd is the maximum fractional photon energy for a given setting of the crystal

xd =
2E�q`

1 + 2E�q`
; (15)

and the �s are given in units of characteristic angle, i.e.

�char =
mec

2

E�
: (16)

For example, for E� = 4:0 GeV, �char ' 1=8 mrad.
We have developed a Monte Carlo which samples the probability density bremsstrahlung

spectrum as a function of fractional energy x, and polar angle �. The incoherent and coherent
bremsstrahlung intensities as functions of x and � are combined into one probability density
function, which is based upon the derivations in ref. [29]. We have not yet incorporated
the e�ects of multiple scattering, crystal mosaic spread, nor incident electron beam diver-
gence. We assume that the crystal radiator is a thin wafer of diamond, and that only the
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reciprocal lattice vector (022) contributes to the coherent bremsstrahlung spectrum. For a
given x (x � xd) and �, then, the ratio of the intensities of the uncollimated coherent and
incoherent bremsstrahlung photons is quanti�ed by the Debye temperature of diamond. Be-
cause of its relatively high Debye temperature, diamond is the preferred crystal for coherent
bremsstrahlung production.

In Fig. 10 we overlay the incoherent and coherent polar angle distributions (dN=d� vs �).
One sees a clearly delineated band in the scatter plot of the total photon counts (coherent
+ incoherent) as a function of characteristic angle and fractional photon energy (Fig. 11).
We can then collimate the beam to reduce the incoherent background, which further serves
to increase the degree of polarization. The maximum polar angle is limited by the opening
angle of the collimator �coll, which gives a lower limit for coherent bremsstrahlung photon
energy

xmin =
xd

1 + �2coll(1� xd)
: (17)

Therefore a spectral line in the energy region xmin � x � xd remains for the collimated
coherent bremsstrahlung photons. In Figs. 12a{d, we plot the total bremsstrahlung (coherent
+ incoherent) spectrum as a function of photon energy for four di�erent collimator apertures
overlayed upon the uncollimated spectra. And in Figs. 13a{d, the relative intensity for these
four collimator settings, where we de�ne

Irel =
Icoh + Iinc

Iinc
; (18)

and the intensity is proportional to k dN=dk. Finally, in Figs. 14a{d, we plot the degree of
linear polarization as a function of x under four collimator settings for E� = 4:0 GeV. If we
collimate the photon beam to �coll = �char=2 (�char), we will obtain average polarizations of
70% (65%) for 1:98 � x � 2:2 GeV (1:85 � x � 2:20 GeV).

Tightly collimating the beam to 0.125 mrad to provide a collimation of one half of a
characteristic angle for Hall B should be reasonably straightforward. Using conventional
techniques 25 years ago, SLAC was able to survey a collimator of diameter 2 mm at 91 m
(�coll = 11 �rad) [30]. We are presently investigating the optimal crystal thickness. In order
to keep the multiple scattering below one half of a characteristic angle, the thickness of the
diamond radiator should not exceed 40 �m. The thickness of the crystal will determine the
magnitude of the beam current required to provide 5� 106 photons per second on the target
after tight collimation and minimizing the tagger accidental rate. This subject is discussed
in the next section.

3.2 Tagger Accidentals

We have performed a study employing the analysis code RATES.FOR [31] to determine the
usable tagging rate with a coherent bremsstrahlung photon beam. We de�ne an accidental
as any charged particle that registers a hit in a TOF counter that occurs within 10 nsec of
the p ! �p event. We require that the beam be collimated to one half of a characteristic
angle with the coherent peak set at a maximum of E = 2:20 GeV for an incident electron
beam energy of 4.0 GeV. We assume the LH2 target to be of length 14 cm. We performed
the study under varying the following conditions:
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� The overall CLAS acceptance (from 60 to 80%) for any  + p event.

� The minimum 3-momentum required for a �nal-state proton or pion to pass through
all three drift chamber regions and register a hit in a TOF counter. We assume that
the reaction p ! p�� is twice as likely to occur as the p ! n�+ channel. The
�nal-state particles were distributed uniformly in c.m. phase space by the CERNLIB
routine GENBOD [35]. We then determined the likelihood that the momentum of the
particle exceeded the cuto� value. We expect the momentum cuto� values to vary
as a function of angle in the CLAS. Below are our ranges in cuto� momenta of the
�nal-state proton and pion.

{ j~pprotj � 0:20 GeV/c and j~p�j � 0:15 GeV/c.

{ j~pprotj � 0:20 GeV/c and j~p�j � 0:20 GeV/c.

{ j~pprotj � 0:30 GeV/c and j~p�j � 0:15 GeV/c.

{ j~pprotj � 0:30 GeV/c and j~p�j � 0:20 GeV/c.

� The number of triggers per second in the CLAS.

In Fig. 15 we plot the number of tagged photons striking the target after tight collimation
as a function of the trigger rate for three overall CLAS acceptances of 60, 70, and 80%. We
see that for an overall CLAS acceptance of 80% and trigger rate of 1 kHz, the number of
tagged photons per second incident on the target is 4:23 � 106 Hz. This corresponds to a
tagging rate of 2:04�107 Hz. In Figs. 16a{c we plot the percentage of accidentals per 10 nsec
coincidence window versus CLAS acceptance as functions of both proton and pion momenta
cuto� and trigger rate. We �nd for a trigger rate of 1 kHz, the percentage of accidentals to
the total trigger rate is no worse than 33% with a CLAS acceptance of 80%

With our highly conservative estimate of setting the coincidence window to 10 nsec, we
expect then that the ratio of reals to accidentals to be at the very worst 2:1 for E� = 4 GeV for
a photon ux on target of 4:2 �106 Hz with a CLAS DAQ rate of 1 kHz. We are investigating
the option of tightening the coincidence window to 4 nsec, which will signicantly reduce
the accidental rate. Because the beam is continuous wave, we will be able to separate
the primary from the accidental events by means of energy balance in the o�ine analysis.
Finally, the accidentals will be from interactions distributed along the entire 14 cm length
of the target. We will be able to remove almost all of these as they will be inconsistent with
the reconstructed interaction position of the primary event.

3.3 Simulation

An acceptance study was performed by simulating events p! p� (�! K+K�) and then
passing these events through FastMC gen [32]. The events were generated in the photon
energy range 1:90 < E < 2:20 GeV (2:11 <

p
s < 2:24 GeV). For the purpose of the

simulation, the average polarization was taken to be 65% (4 GeV electron beam). For a
6 GeV electron beam, the average polarization will be approximately 80%. The proton
and � meson were distributed in the cms frame according to the t dependence of the �
meson production cross section (Fig. 17). The decay kaons were distributed in the rest
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frame of the � meson (helicity system) both uniformly in phase space and according to
the SCHC distribution. The SCHC distribution was generated by sampling the probability
density function binned in terms of cos �; �;� weighted in accordance with the di�erential
cross section described in equ. (1). All density matrix elements were set to zero except for
�11�1 = �Im�21�1 = 0:5. We remark that the acceptance per bin in t, cos �, �, and � does
not depend strongly upon the shape of the input photon distribution nor upon the shape of
the decay distribution.

Background events for the reactions p ! K+��(1520) (��(1520) ! pK�) and p !
pK+K� (s-wave) were created using the routine GENBOD to generate the �nal-state par-
ticles pK+K� uniformly in phase space, where the photon energy E was sampled uni-
formly in our energy bin. The ��(1520) events were weighted with a Breit-Wigner of width
(� = 0:0156 GeV) and an exponential in four-momentum transfer (exp 6t) [18]. The s-wave
K+ K� pairs were generated over phase space and endowed with a conservative t dependence
(exp 1:5t) [22]. These background rates relative to � meson signal will be discussed below.
(cf. Sec. 3.5).

The generated events were then fed through FastMC gen which renders a realistic
representation the CLAS geometry with the attendant e�ects of multiple scattering and
detector resolution for calculating our acceptances. The target parameters were consistent
with that of the Saclay cryo-target (see Sec. 3.4). The magnetic �eld was set to the nominal
�eld strength and half-nominal to �nd the optimal running conditions. The kaon decay
probability used is an exponential form with a decay constant c� = 3:709 m. Events with
K+s that decayed in ight before hitting the TOF scintillators were not accepted. Fig. 18
displays the number of kaons arriving at each detector. For the energy range of this proposal,
approximately half of the kaons decay in ight to the scintillators.

The momentum range of the detected kaon (proton) is shown in Fig. 19-a(b), with the
relative accuracy of the momentum measurement as depicted in Fig. 19-c(d). The CLAS
detector can separate kaons from pions cleanly in this momentum range via the method
of time of ight [33]. Detection of the �nal-state proton and K+ meson combined with a
measurement of the energy of the tagged photon overdetermine the kinematics and allow
for a missing 4-momentum reconstruction of the K� meson. From the 4-momenta of these
�nal-state kaons, we can then determine the invariant mass of the � meson . If we naively
use the missing 4-momentum of the K�, our measurement uncertainty in the � mass (3.4
MeV) is dominated by the uncertainty in the photon energy as measured by the tagger
system. By constraining the invariant mass of the K� 4-momentum to the known kaon
mass, we e�ectively remove this contribution; reducing the � mass uncertainty to 1.2 MeV.
This measurement uncertainty is su�ciently small that the shape (see Fig. 23) is dominated
by the natural width of the �.

The acceptance (Ndetected=Ngenerated) as a function of t is shown in Fig. 20 and Table 3.
The acceptance increases as jtj increases. This is a result of the kinematics. Since the
� mesons are produced near threshold, the reaction products are con�ned to a narrow,
forward cone in the laboratory and most events are lost down the beam pipe. As t increases,
the transverse momentum of the reaction products increases { giving a higher detection
probability in the CLAS. Note that the acceptance decreases only about 10-15% when the
phase space containing the ��(1520) is cut out. Two dimensional histograms of acceptance
as a function of �K+ vs. cos �K+ support this explanation and are shown in Figs. 21 and 22.
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All t bins have complete coverage in cos �K+ with coverage in �K+ increasing as t increases.
This acceptance is complete enough to allow the extraction of the density matrix elements
(see Sec. 3.6).

3.4 Count Rate Estimate

The Monte Carlo simulation provided the acceptance for the count rate estimate described
here. The tagger accidentals study results in the factor of 0:7. The formula used to calculate
the count rate is

N(events=sec) = 0:7Ntgt
d�

dt
�t "(BR)� (19)

where

Ntgt =
�LH2`NA(Nprotons=LH2)

ALH2

(20)

and

d�

dt
=

d�

dt

�
�
�
�
�
t=0

exp (6t+ 1:4t2) (21)

The parameters of the equation are de�ned as:

�t: bin width
": t bin acceptance
BR = 0.491: branching ratio of �! K+K�

�: the photon ux (4:5 � 106 /sec)
�LH2 = 0.071 g=cm2: density of liquid hydrogen
` = 14 cm: length of the Saclay cryo-target
NA: Avagadro's number
(Nprotons=LH2): 2
ALH2

= 2.016 atomic weight of liquid hydrogen
d�
dt

�
�
�
t=0

= 1:0 �b
(GeV=c)2

forward di�erential cross section for E = 2 GeV [17]

The count rates and total counts for a running period of 500 hours are contained in
Table 3. The expression for the di�erential cross section is from Ref. [3]. Since the funda-
mental processes are predicted to have di�erent t dependences, the data will be binned in
terms of the four-momentum transfer in order to measure the t evolution of the spin density
matrix elements. For example, the mid- and high-t bins are expected to contain less di�rac-
tive components than the low-t bins. In order to obtain the desired sensitivity in each t bin
of 10% on the extracted value of the density matrix elements, about 1000 counts/bin are
needed in the mid-t region. Due to the lower acceptance at low-t more counts are needed for
the �t, which is compensated by the higher count rate in the forward region. The width of
the largest j�tj bins has been adjusted to keep the statistics constant with the mid-t bins.
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t (GeV/c)2 �t d�=dt �barns/GeV2 " counts " �(1520) cut counts �(1520) cut

�0:25 0.1 0.633 0.102 4105 0.089 3582
�0:35 0.1 0.378 0.130 3123 0.110 2643
�0:45 0.1 0.232 0.144 2124 0.126 1858
�0:55 0.1 0.146 0.163 1517 0.140 1303
�0:70 0.2 0.077 0.172 1693 0.154 1516
�1:00 0.4 0.026 0.147 977 0.127 844

Table 3: Count rate estimate for 500 hours of running with 30% accidentals.

3.5 Background Rates

The primary source of background contamination for this experiment are due to pions, kaons
from the reaction p ! K+�� (�� ! K�p), and s-wave K+K� pairs. It has been shown
that kinematical cuts are e�ective in removing the pion background [22]. We will therefore
only address the contamination from the ��, and s-wave K+K� mechanisms.

For the proposed energy range of 2:11 � p
s � 2:24 GeV, the decay product from

��(1520) will contribute to the K+K� invariant mass spectrum. The total cross section for
p! K+��(1520) at E = 2 GeV is approximately 0:8 �b [18]. This background to the event
total has been scaled to the K+K� cross section (0:160 �b [17]) from � photoproduction at
E = 2:0 GeV, which is shown in Figs. 24 and 26.

The acceptance and count rate has been calculated with and without a cut on the
��(1520) mass (see Table 3). Eliminating the ��(1520) from the data pool reduces the
overall acceptance by only 10{15%. Because of the large acceptance CLAS, full angular
coverage of the decay kaons from � decay is still achieved allowing for the extraction of the
spin density matrix elements. Since the angular distribution of the �nal-state kaon arising
from the ��(1520) decay is well known, including this hyperon in our density matrix �tting
procedure is possible.

Although the ��(1520) is treated as a background in the rest of this proposal, one man's
background is another man's physics. The estimated cross section would lead to an even
larger sample of ��(1520) than � in the proposed data set. We should be able to extract
density matrix elements for this reaction of a similar quality to that of the �. This will
provide a Q2 = 0 measurement, which will complement the approved electroproduction
experiment (E89-043) [19].

S-wave kaons are also a source of contamination in the K+K� invariant mass spectrum
for the proposed measurement [17], [20]. An estimate of 1:5 �b for the total resonant plus
nonresonant s-wave K+K� photoproduction cross section (see Fig. 25) would correspond to
a 25% contamination of the K+K� invariant mass spectrum in the range of the � mass (see
Fig. 24).

The resonant s-waveK+K� pairs will provide information on the reaction p! a0(980)p!
K+K�p. It will be possible to extract a signal from the reaction p! a0(980)p! K+K�p
[17], [20]. When taking into account the a0 contribution both resonances, a0 and �, are
parametrized via Breit-Wigner distributions convoluted with Gaussian functions. The �
contribution is then extracted by �tting all three mass shapes: a0, �, and phase-space back-
ground.
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The projection of Fig. 24 onto the mK+K� axis is shown in Fig. 26. The shaded histogram
is the result of removing the K+K� pairs associated with a ��(1520) via a mass cut on
mpK�. It is shown in Sec. 3.6 that the density matrix elements describing � production can
be reliably extracted from the shaded histogram which contains the � production data with
an s-wave K+K� background.

3.6 Density Matrix Element Extraction

The data are binned in a 3-dimensional histogram W (cos �; �;�) for events in the � peak
(1:015 < MK+K� < 1:025). The reection of the ��(1520) was removed from the data with
a mass cut on mpK�. An estimate of the remaining background was obtained by analyzing
counts in bins on both sides of the resonance peak as in Ref. [17]. (see Fig. 25) Events from
the � sidebands (0:995 < MK+K� < 1:005 and 1:035 < MK+K� < 1:045) are also binned
in the three variables, cos �, �, and �. These are scaled to the number of events under
the � window, to estimate the angular distribution of the background. Alternatively, if the
distributions are not consistent in the low and high sidebands, for this purpose phase-space
distributed MC data of the reaction p ! K+K�p can be analyzed to get a polynomial
parametrization of the K+K� mass distribution near the � mass (1.019 GeV) [34].

A maximum-likelihood �t was performed on the data using Minuit [35] with equ. 1 to
extract the density matrix elements. The convergence of the �tting procedure was studied as
a function of bin size, parameter starting values, and step sizes. The weight function (equ. 1
is integrated over the bins in (cos �; �;�) in order to account for variations in the function
over the bin interval.

Fig. 27 shows the results of the determination of �11�1 and Im �21�1 from the SCHC
simulated data. The error bars include statistics, and 10% error on the polarization and a
10% contribution from systematic errors in the �t. The circles on the �gure are the data from
the Ballam group [15] (see Table 4). The squares are the results of the �t to a background
free spectrum and the triangle are the results of the �t to the data plus background. The
solid lines on the �gure indicate the input values to the simulation. The �gure shows the
improvement we expect over the old data. The results indicate that we have the ability to
extract the density matrix elements in each t bin with a sensitivity better than has been
measured before. This sensitivity, combined with the range in t, will allow us to di�erentiate
between various predictions for the threshold behavior of � photoproduction.

3.7 Beam Time Request

We request 100 hours of 4 GeV electron beam time and 400 hours of 6 GeV electron beam
time with the approved coherent bremsstrahlung photon facility installed. The CLAS mag-
netic �eld will be set to half �eld and the Saclay cryo-target installed in its normal position.
The photon tagger will be set to accept electrons from unpolarized photons above and below
the coherent peak allowing unpolarized data taking simultaneously with polarized data. The
4 GeV data will serve as a tune-up run and allow an initial look at � production and the
associated backgrounds. Because of signi�cant overlap of the experimental setup of E94-109
(photoproduction of � mesons from the proton with linearly polarized photons), we have
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agreed to work closely with that collaboration, sharing resources and manpower. The ex-
periment proposed here uses the identical apparatus other than the need to reorient the
diamond crystal to achieve higher photon beam energies. We therefore seek to run as a
continuation of the 8 period to minimize experimental overhead.

Data for �nal analysis will be taken with the 6 GeV electron beam; it provides greater
photon polarization thus reducing systematic errors. At this energy setting, the possibility
exists to share some beam time with E94-109; our request takes this overlap into account.
We further request an additional 400 hours with the crystal oriented to maximize the pho-
ton polarization at the energies required for the present experiment. To optimally use the
resources of the lab and the collaborators of this experiment and E94-109, we seek to run as
a continuation of the 8 run period.

4 Summary

A high-precision measurement of the nine spin density matrix elements of the reaction
~p! �p will signi�cantly add to our knowledge of the contributing processes beyond di�rac-
tion. The measurement of the angular distribution of the decay kaons as a function of t will
quantify the contributions of the natural and unnatural parity exchange to the production
cross section. A marked departure from zero of seven of the nine measureable density ma-
trix elements will signal new production mechanisms. This experiment will provide results
complementary to the two approved CLAS experiments, E93-022 and E93-031.
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2:8 < E < 4:7 (GeV) E = 9:3 (GeV)

�000 �0.04 � 0.06 0.00 � 0.07

Re�010 �0.00 � 0.06 �0.01 � 0.06

�01�1 �0.04 � 0.10 �0.14 � 0.09

�100 �0.13 � 0.09 0.08 � 0.12

�111 �0.06 � 0.11 �0.18 � 0.13

Re�110 0.00 � 0.09 �0.20 � 0.11

�11�1 0.18 � 0.13 0.44 � 0.15

Im�210 �0.02 � 0.10 �0.14 � 0.09

Im�21�1 �0.51 � 0.16 �0.73 � 0.17

Table 4: Ballam group density matrix elements for � photoproduction. [15]
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Figure 1: Di�erential cross section prediction from pomeron + meson model [2].
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Figure 2: Di�erential cross section prediction from pomeron + meson model [2]. Please
note the change in scale from Fig. 1.
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Figure 3: Di�erential cross section calculation including pomeron exchange (0+) + meson
exchange (�; �) + OZI evading processes (�NN) [8].
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Figure 4: Di�erential cross section calculation including pomeron exchange (0+) + meson
exchange (�; �) + OZI evading processes (�NN) [8].
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Figure 5: Helicity system angle de�nitions.
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Figure 6: Asymmetry parameter calculation including pomeron exchange (0+) + meson
exchange (�; �) + OZI evading processes (�NN) [8].
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Figure 7: Asymmetry parameter calculation including pomeron exchange (0+) + meson
exchange (�; �) + OZI evading processes (�NN) [8].
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Figure 8: Kaon decay distributions from Ballam [15].
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Figure 9: Unpolarized di�erential cross section data of Barber et al. [17]

24



Figure 10: Overlay of the normalized polar angle distributions for coherent (solid) and
incoherent (dashed).
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Figure 11: Number of photons per bin in fractional photon energy x = k=E� and polar
angle in units of characteristic angle [mec

2=E�] for the sum of coherent and incoherent
bremsstrahlung, here xmax = 0:55.
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Figure 12: Superimposed coherent (dashed) and incoherent (solid) dN=dE vs E

bremsstrahlung distributions under various collimator opening angles.
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Figure 13: The relative intensity as a function of photon energy under various collimator
opening angles. Irel = Itot=Iinc and I / E � dN=dE .
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Figure 14: Polarization of coherent bremsstrahlung spectral line as a function of photon
energy for various collimator opening angles.
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Figure 15: Collimated photons vs trigger rate as functions of the overall CLAS acceptance.
We have set the collimation aperture to one half of a characteristic angle.
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Figure 16: Percentage of accidentals vs the overall CLAS acceptance as functions the cuto�
momenta of �nal-state protons and pions for trigger rates: (a) 500 Hz, (b) 1000 Hz, and
(c) 1500 Hz.
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Figure 17: Four-momentum transfer squared (t) distribution; (solid line) sampled from the
event generator and (dashed line) reconstructed after processing through FastMC gen.
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Figure 18: Number of K+ mesons reaching each detector component. Accepted events
must register a hit in a TOF counter (SC).
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Figure 19: Detected Kaon and proton momenta (upper) and their corresponding relative
uncertainties (lower).
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Figure 20: Acceptance (Ndetected=Ngenerated) as a function of t for full B-�eld (open square),
half B-�eld (solid triangle), full-�eld K+ SCHC distribution (solid circle), and half B-�eld
with ��(1520) cut (inverted triangle).
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Figure 21: Acceptance (Ndetected=Ngenerated) as a function of the K+ decay angles in the
helicity system for �:4 < t < �:3 (GeV/c)2.

Figure 22: Acceptance (Ndetected=Ngenerated) as a function of the K+ decay angles in the
helicity system for �:8 < t < �:6 (GeV/c)2.
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Figure 23: Reconstructed invariant mass of the � meson.
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Figure 24: Dalitz plot containing contributions from �meson, ��(1520), and s-wave K+K�

production.
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Figure 25: Missing mass spectrum from Reference [17].

Figure 26: K+K� invariant mass for � + s-wave + ��(1520) (total) and � + s-wave K+K�

(hatched).
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Figure 27: Results from MINUIT for maximum likelihood �t. The solid lines indicate the
values used in the event generator and the points are the extracted values from the �t. The
squares are the results of �tting the simulated � data without background and the triangles
are obtained from the �t to the data with background. The solid circles are the Ballam [15]
data for the lowest photon energy range. (See Table 4)
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